Permanent scatterer interferometric synthetic aperture radar (PS-InSAR) is a typical time series analysis technique. The selection of the common master image within the PS-InSAR influences the time series analysis. A novel method was proposed to extract the optimal common master image based on an error analysis of the observations. Tolerance and gross error were evaluated by calculating the root mean square errors (RMSEs) of effective spatio-temporal baselines and differences in Doppler centroid frequency of each interferogram sequence. Then, the interferogram sequence was optimized by setting the tolerance. After that, the RMSEs of each interferogram sequence with gross error removed were recalculated. Finally, the optimal common master image, which had the maximal sum of weights, was obtained after weighing the interferogram sequence with gross error removed. A case study was conducted to verify the rationality of selecting the common master image using 19 images of the European Remote Sensing Satellites-1/2. Results show that the common master images that are selected through the error analysis method are more optimized than that selected from the commonly used methods. The maximum of effective spatio-temporal baselines and difference in Doppler centroid frequency of the optimum interferometric pairs are 497, 910, and 222, respectively; the minimum are 149, 449, and 103, correspondingly, and the standard deviation values are 141, 299, and 55, respectively. In comparison with the common master image generated separately by the integrated correlation coefficient algorithm and the minimum sum of the three baseline algorithms, the values are reduced by 80, 0, 75, 12, 6, -14, 20, 13, and 47.Thus, the results show improved statistical properties. The outcome indicates that the error analysis method can be used to select the optimum common master image. The proposed method provides an effective approach to optimizing the common master image and presents a certain significance for selecting the common master image.
Introduction
Interferometric synthetic aperture radar (InSAR) is a microwave remote sensing surveying method. Compared with traditional methods of survey, InSAR is a unique tool for low-cost precise digital elevation model generation and large-coverage surface deformation monitoring with features of wide-range, all-weather, and high-precision [1] [2] [3] [4] . Permanent scatterer interferometric synthetic aperture radar (PS-InSAR) technique is an advanced InSAR technology that is used to detect slow and long-term surface deformation. This technique can slightly overcome the temporal, spatial, and atmospheric phase screen decorrelations of the interferograms [5] [6] [7] [8] [9] . The PS-InSAR technology has been developed with the extensive application of SAR technology. Related works in preprocessing of data, selecting the common master image, and subsequent application of data have been conducted, especially the method for selecting the common master image [3, [10] [11] [12] [13] .
The selection of the common master image in the PSInSAR widely and directly influences the quality of interferograms and the time series analysis about interferometric phase. The number of SAR images used in the PS-InSAR increases with the rapid development of SAR sensors and the accumulation in available SAR data. A reasonable selection of a common master image is important, especially for the SAR images with different characteristics. Furthermore, the implementation efficiency of the algorithm for selecting the common master image has been improved by applying high-performance computers in the PS-InSAR technology. The efficiency of traditional algorithms can also be improved.
Existing studies have mainly focused on the effect about quality of the interferogram sequence caused by selecting the common master image and the method for obtaining high-quality effective spatio-temporal baselines and differences in Doppler centroid frequency of each interferogram sequence. Several other researchers have mainly considered prior information, such as specific experimental areas and methods, but have disregarded the selection method of the common master image [14, 15] . Most studies on selecting the common master image have focused on the final quality of the interferogram and application area. However, only a few observations on the characteristics of effective spatio-temporal baselines and differences in Doppler centroid frequency of interferogram sequences have been obtained. Owing to the analysis presented previously, an idea based on an error analysis of the observation values was used to examine the inherent characteristics of effective spatio-temporal baselines and differences in Doppler centroid frequency. Then, the optimum common master image and interferogram sequence with superior quality were obtained.
State of the art
The selection of the common master image is an important part of the PS-InSAR technique, and the result of the selection directly affects the coherence of the interferogram sequence. The problem of selecting the common master image was discussed when the PS-InSAR technology was proposed by Ferretti et al. [1, 5] The temporal baseline of 3 years was used as a constraint to generate interferometric pairs (refer to the European Remote Sensing Satellite [ERS] case) to reduce the influence of decorrelation. Afterward, the selection method of the common master image restricted by temporal baseline has been used and improved continuously. This technique is simple and easy but fails to analyze the basis of selecting the common master image.
Zebker et al. [16] first conducted a systematic study on the causes of the decorrelation about interferometric pairs. The findings indicated that temporal baseline, effective spatial baseline, and thermal noise were the main factors that affected the decorrelation of interferometric pairs, which should be considered in generating interferometric pairs. Difference in Doppler centroid frequency was considered as main part of thermal noise by Hooper et al. [10] when they used the PS-InSAR to study volcanic deformation. They thought that the noise could be removed by filtering, except for the difference of Doppler centroid frequency. One scene was selected as the common master image (based primarily on minimization of effective spatial baseline and secondarily on minimization of temporal baseline) and created 21 interferograms. The method demonstrated the effectiveness for discussing volcanic deformation, fault slip, landslides, and subsidence. Kampes et al. [17] [18] [19] adopted the temporal and effective spatial baselines to improve the selection of the common master image. The accuracy increased when calculating the settlement of permanent scatterers (PS) with a least square method. However, the possibilities of other factors were disregarded. Further relevant research based on this method has been conducted [20, 21] . Thus, temporal and effective spatial baselines were used as the selection methods of common master image by Zhang et al. [22] . The influences of the difference in Doppler centroid frequency and terrestrial vegetation change at different times in the common master image were also analyzed. Chen et al. [11] applied the integrated correlation coefficient algorithm to select the common master image. The temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency were simultaneously considered in this model. The selection of the common master image was determined by the maximum correlation coefficient, which can be used to decide on the optimum images. The minimum sum of baselines was used by Tao et al. [14] to improve optimization efficiency. However, analyzing the baseline in the algorithm was simple because the rights of the individual effects of the baseline weight were ignored. Wang et al. [23] adopted the method for equal influence to measure the effect of various factors. This technique is stable when individual data quality is satisfactory. However, this technique is unsuitable when individual data quality is poor. Luo et al. [24] and Pan et al. [25] used image clustering and orthogonal characteristics to select the common master image from the mathematical perspective. Liu et al. [26] mapped all of the elements into a 3D space and selected the common master image by locating the space centroid. The two approaches can determine the common master image with definite physical properties. However, the process is complex, and the unique features of the interferograms was disregarded. Long et al. [12] utilized a priori information of external global positioning system (GPS) data to select the common master image; however, the GPS data are not constantly available. Rosi et al. [4] utilized a priori information of landslides to select the common master image in investigating landslides. Liu et al. [27] selected the common master image by using the theory of surveying adjustment to weigh the relationship between temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency of each interferogram sequence but disregarded the features of each factor (i.e., temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency).
The selected results do not guarantee optimality because existing methods disregard the characteristics of the effective spatio-temporal baselines and difference in Doppler centroid frequency of each interferogram sequence. The present proposes an optimization selection model based on error analysis theory, which considers the comprehensive effects of various factors and have the ability to select the optimized common master image. First, the tolerance is obtained by calculating the root mean square errors (RMSEs) of the effective spatio-temporal baselines and differences in Doppler centroid frequency of each interferogram sequence. Then, the tolerance is used as a threshold to optimize the interferogram sequence. If the error of factors in the interferogram sequence is greater than the tolerance (gross error), then its weight is assigned with 0. Furthermore, the RMSEs of the temporal baselines, effective spatial baselines, and differences in Doppler centroid frequency of each interferogram sequence without gross error are recalculated. Finally, the optimum common master image that has the maximum sum of weights is obtained after weighing the interferogram sequence without gross error.
The remainder of this study is organized as follows: The basic concepts of RMSE, tolerance, gross error detection, and weight are described in Section 3. The procedure for selecting the common master image using the error analysis algorithm is also discussed. An application example of the error analysis method is introduced in Section 4. The statistical characteristics of the common master image selected by this technique are also analyzed. The conclusions drawn from this study are presented in Section 5.
Methodology

RMSE, tolerance, gross error detection, and weight
In the theory of surveying adjustment, the RMSE is an absolute numerical characteristic of accuracy. A definite RMSE is derived when certain observation conditions exhibit relative error distributions. Given the characteristics of the interferometric results, the interferogram sequence is evaluated using the RMSE.
For a group of n independent and equal-precision observations ( 1 , , X X n K ), the formula of the RMSE in the observations is expressed as follows:
where i m is the RMSE of the observed value, and X is the mean of the observed value ( X 1 ,…, X n ).
Tolerance is the limit of the absolute value of the measurement error under certain observation conditions. Typically, two to three times of the RMSE are used as the values of tolerance. The observation, which error value is greater than the tolerance, is considered inaccurate and is called gross error. The process of obtaining the gross error is called gross error detection. Thus, the interferometric pair in the interferogram sequence with poor quality can be removed by the gross error detection.
In comparing the accuracy among various observations, the precision of the observed values is determined using the proportional relationship among RMSEs. The digital signature that represents the proportional relationship of each observation variance is called weight, that is, a relative numerical characteristic to represent accuracy.
For a group of equal-precision observations,
where P is the weight of the observed value, σ is the square of the RMSE of an observation. The quality of the interferogram sequences can be clearly evaluated by weighing the effective spatio-temporal baselines and differences in Doppler centroid frequency of each interferometric pair.
Error analysis algorithm and calculation process
The temporal baselines, effective spatial baselines, and differences in Doppler centroid frequency are regarded as three groups of independent equal-precision observations. The RMSEs and tolerance of each interferogram sequence are solved. The interferometric pair, which error is greater than the tolerance, should be removed by using the method for gross error detection and weighed as 0 (the "master" image in the removed interferometric pair is not considered an option for the common master image). Then, the RMSEs of the effective spatio-temporal baselines, , and differences in Doppler centroid frequency of each interferogram sequence without gross error are recalculated. The optimum common master image, which has the maximum sum of weights, is obtained after weighing the interferogram sequence without gross error. This method is called error analysis.
N interferometric pairs consist of n images, which include a pair composed of the image and itself when one image is selected as the common master image. The error analysis is conducted when the ith image is selected as the common master image, as follows:
1) The interferogram sequence is composed of the common master image with ith image, and the RMSEs of the temporal baselines, effective spatial baselines, and differences in Doppler centroid frequency are calculated separately as follows:
where i T m is the RMSE of the temporal baseline, i T is the temporal baseline, T is the mean of the temporal baseline, and n is the number of image pairs;
where Bi m is the RMSE of the effective spatial baseline, i B is the effective spatial baseline, B is the mean of the effective spatial baseline, and n is the number of image pairs;
where Di m is the RMSE of the Doppler centroid frequency
D is the mean of the Doppler centroid frequency difference, and n is the number of image pairs.
2) The interferometric pair with gross error is removed using the theory of tolerance and gross error detection. Then, the RMSEs of the effective spatio-temporal baselines and differences in Doppler centroid frequency of each interferogram sequence without gross error are recalculated (the "master" image in the removed interferometric pair is not considered as an option for the common master image). The gross error detection of the temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency are calculated separately as follows: The assuming is that k interferograms are retained after removing the interferometric pair with gross error. The new RMSEs of the temporal baselines, effective spatial baselines, and differences in Doppler centroid frequency are calculated separately as follows:
where Ti mʹ is the new RMSE of the temporal baseline, i T is the temporal baseline, Tʹ is the mean of the temporal baseline of the k image pairs, and k is the number of image pairs;
where Bi mʹ is the new RMSE of the effective spatial baseline, i B is the effective spatial baseline, Bʹ is the mean of the effective spatial baseline of the k image pairs, and k is the number of image pairs; 
where Ti P is the weight of Ti mʹ , and 
where P is the sum of weights of the interferogram sequence of the common master image with the ith image.
The flowchart of the calculation process is illustrated in Figure 1 . 
RMSE of temporal baseline
Result analysis and discussion
Nineteen single-look complex images from the ERS-1/2 SAR sensor were acquired as examples (data from Tao et al. [14] ) to examine the error analysis algorithm and the results of the selection method. Following the model of the integrated correlation coefficient proposed by Chen et al. [10, 11] , the coefficients are assigned with 1 in the current study to select exponential values without significantly affecting the result [14] . The results of error analysis, minimum sum of the three baselines, and integrated correlation coefficient are depicted in Figure  2 . In Figure 2 , the selection results are considerably better when computed by the error analysis model than by the integrated correlation coefficient and minimum sum of the three baseline models. The interferogram sequence with a gross error is shielded by the error analysis model in selecting the common master image, and the effect of the gross error on the results is minimized. The three components are listed separately in Figure 3 to illustrate the situation of the three factors of the error analysis model. The results calculated by the error analysis model in the top three combinations of serial numbers are Groups 10, 9, and 13. However, the "master" image in the interferometric pair with gross error cannot be an option for the common master image. Groups 9 should be weighed as zero and rejected because of gross error. . Significantly large values caused the decorrelation of the interferometric pairs, such as the effective spatial baselines of Groups 7 and 8 and the differences in Doppler centroid frequency of Groups 9 and 18 in Figure 3 . Therefore, the results of the error analysis model in the top two combinations of serial numbers are Groups 10 and 13.
The selection by using these models is displayed in Table 4 . Minimum sum of baselines model 12 10 13 Error analysis model 10 9(Reject) 13
Groups 10 and 12 are utilized for optimum selection. For comparison, the temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency combinations in Groups 10 and 12 are analyzed. The results are exhibited in Figure 4 . The results of the quantitative analysis of the statistical information in Combinations 10 and 12 are listed in Table 5 . Only the value of the difference in Doppler centroid frequency is larger in Combination 10 than in Combination 12; the remaining values are considerably enhanced. This result can be due to Combination 10 is more optimized than Combination 12. Therefore, Combination 10 can be prioritized in selecting the common master image. The second option in the integrated correlation coefficient model is Combination 6. For comparison, the temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency combinations in Groups 6, 10, and 9(which was rejected) are displayed in Figure 5 . The comparison of Datasets 6, 9, and 13 presented in Figure 5a indicates that Combinations 9 and 13 are superior to Combination 6 in terms of the temporal baseline. In addition, Combination 9 is better than Combinations 6 and 13 in terms of the effective spatial baseline. However, Combination 9 is more unstable and volatile than Combinations 13 and 6 in terms of the difference in Doppler centroid frequency (Figure 5c ). Thus, Combination 9 is unsuitable for selecting the common master image and should be rejected.
For the quantitative analysis, the statistical information of the three combinations is listed in Table 6 . Combination 13 has six values, which are smaller than those of Combination 6. This result can be due to Combination 13 is more optimized than Combination 6. Therefore, Group 13 can be prioritized in selecting the secondary common master image. 
Conclusions
The selection of the common master image directly influences the quality of the interferograms generated by a PS-InSAR. A novel method based on an error analysis was developed in this study to select the optimum common master image. The effective spatio-temporal baselines and difference in Doppler centroid frequency combinations were regarded as equal-precision observations. The method for gross error detection was adopted to optimize the interferogram sequence. Then, the weight was calculated. The optimum interferogram sequence with maximum weight could be selected. The following conclusions were drawn from this study:
(1) Due to the influences of the temporal baseline, effective spatial baseline, and difference in Doppler centroid frequency are considered comprehensively, an optimized common master image can be selected. The imaging features of the common master image can be reflected by the three factors.
(2) In the process of selecting the common master image, using the interferogram sequence with the removed gross error leads to selecting the most stable common master image.
(3) The procedure for weighing in the error analysis method is used to determine the influence of various factors in selecting the common master image. The results obtained using the error analysis method demonstrate smaller maximum, minimum, and standard deviation values and indicate better statistical properties than the other methods.
Owing to the imaging characteristics of the SAR data, the proposed method can be used for selecting the optimum common master image and can improve the quality of results in PS-InSAR. However, datasets from various remote sensing platforms present different imaging parameters. Thus, further research is required to ensure the application of the proposed technique to datasets from various platforms.
